I. INTRODUCTION
Electronic coupling is an intermolecular interaction between different electronic states. 1, 2 The magnitude of the electronic coupling is known to strongly influence a rate constant of excitation-energy transfer (EET), so that the accurate description of the electronic coupling has a significant role in EET studies. The rate constant of EET was first derived by Förster. 3 In this theory, the electronic coupling required for the EET rate was reduced to the Coulomb coupling and hence it was approximated to a dipole-dipole (dd) interaction using transition dipole moments for individual molecules. The dd method is easily applicable to the electronic coupling calculations because of its simplicity. Hence this method provides an intuitive interpretation of the electronic coupling. Owing to these features, the dd method has been widely used for EET studies. 1 However, the utility of the dd method is limited to the case where the intermolecular separation between two interacting molecules is larger than their molecular sizes. 1, 2 Therefore, the dd method must be used with care.
To circumvent this problem, many theoretical studies have been performed. As a pioneering study, Krueger et al. proposed a transition density cube (TDC) method, 9 in which the electronic coupling was quantum-mechanically calculated with transition densities. A transition-densityfragment interaction (TDFI) method [26] [27] [28] [29] was proposed as a similar approach to the TDC method. The difference bea) Electronic mail: fujimoto@ruby.kobe-u.ac.jp.
tween the two methods is in the treatment of transition densities. In the TDFI method, the electronic coupling is calculated with self-consistent transition densities that are obtained from a density-fragment interaction (DFI) method. 30 The DFI method employs a mean-field treatment of interfragment interactions, so that the electron density interactions between individual molecules are iteratively calculated until the total energy is converged. On the other hand, the TDC method employs the transition densities obtained from isolated monomer calculations, in which intermolecular interaction is not considered. In the previous studies, the TDFI method was applied to EET, 26, 28 exciton-coupled circular dichroism spectra, 27 and crystallochromy. 29 As a result, TDFI successfully reproduced the experimental values of the electronic couplings. These studies also showed a significant role of the self-consistent procedure by the DFI method in the quantitative description of the electronic coupling.
Madjet et al. proposed an alternative approach for the electronic coupling calculations, called a transition charge from electrostatic potential (TrESP) method. 16 The basic idea of this method comes from a transition monopole approximation. 4 In the TrESP method, the electronic coupling is evaluated as classical Coulomb interactions between transition charges and the values of the transition charges are derived from electrostatic potential (ESP) fitting. 31, 32 While the transition dipoles in the dd method are located on the molecular centers, the TrESP method employs the transition charges distributed on the individual atoms in the interacting molecules. Such multicenter interactions in TrESP led to a much improved description of the electronic coupling, compared with the dd method. However, the TrESP method is still insufficient to achieve the TDFI accuracy. Two reasons are considered; one is the description based only on the monopole charge interactions, alternatively, the lack of consideration of the self-consistent transition density could be also problematic.
This study attempts to extend the TrESP method in two ways. First, the present TrESP method includes not only the transition monopole charge interactions but also the higher order multipole (transition dipole and quadrupole) ones. Second, the self-consistent transition density is employed in the ESP fitting procedure. The present approach is called the transition charge, dipole, and quadrupole from ESP (TrESP-CDQ) method. For checking the accuracy of the present approach, several test calculations are performed. In this step, the TDFI calculations are also performed to obtain the reference values. As a result of the testing, the TrESP-CDQ method gives almost the same values as the TDFI method, while the original TrESP method completely fails in describing the reference values. Based on the successful description of the reference values, the effect of the self-consistent treatment and the contributions from the transition charges, dipoles, and quadrupoles are also explored.
II. THEORY

A. Electronic coupling
First, let us consider the total Hamiltonian for A-B molecular complex,Ĥ
and the basis functions
In Eq. (1),Ĥ X denotes the local Hamiltonian for the molecule X (X = A or B) andV AB is the Coulomb interaction between the molecules A and B. In Eq. (2), X 0 and X p represent the ground state and the pth excited state for the molecule X, respectively. The electronic coupling between the molecules A and B is defined by an off-diagonal element of the Hamiltonian matrix. For a negligible overlap between the two basis functions, this matrix element is described as 33, 34
Here, a one-electron transition density of the molecule X, ρ X p0 (r), is introduced, which is defined by
where N X e denotes the number of electrons in the molecule X and x i expresses space and spin coordinates of the ith electron, i.e., x i ≡ (r i , s i ). For p = 0, Eq. (4) becomes the one-electron ground-state density. Equation (3) stands for the Coulomb interaction between the two transition densities. In this paper, this interaction is called the electronic coupling and it is represented by V Coul . Although the exchange interaction is also included in the electronic coupling, this contribution is usually negligible. 28, 35 Therefore, the present study focuses only on the Coulomb interaction. It is noted that the basis functions | 1 and | 2 in Eq. (2) correspond to local excitations (LE) within the molecule X. Therefore, the direct coupling between | 1 and | 2 is considered in Eq. (3) . Although the indirect coupling via intermediate charge-transfer (CT) states is known to influence the amount of electronic coupling, 35, 36 this contribution cannot be evaluated with Eq. (3) because the CT basis functions are not considered in Eq. (2) . The indirect coupling is an interesting topic but this study does not focus on it. It is also noted that Eq. (3) corresponds to an intermolecular electrostatic energy in the case of p = q = 0. Therefore, the electronic coupling has a similar form to the intermolecular electrostatic energy.
B. Electronic coupling calculations with transition charges, dipoles, and quadrupoles
The intermolecular electrostatic energy between the molecules A and B, which are separated by R ij = |r 
where
α ···ν ) denotes a multipole moment for the molecule A (or B) and l is the rank of the multipole. For example, M (l) α···ν for l = 0, 1, and 2 correspond to a monopole charge, a dipole moment, and a quadrupole moment, respectively. Greek letter in Eq. (5) denotes the tensor components, i.e., α = x, y, or z. The symbol (2l − 1)!! expresses the product of odd integers, i.e., (2l
In Eq. (5), the electrostatic energy is written as the sum of the Coulomb interactions between the multipoles for the molecules A and B. It is noted that these multipoles are located on the molecular centers r According to Eq. (5), let us consider the electronic coupling. As mentioned in the Introduction, the TrESP method is developed for the electronic coupling calculations. In this method, the electronic coupling is evaluated as the classical Coulomb interactions between atomic transition-charges
where q k denotes the transition charge for atom k (k = i or j) in the molecule X. It is noted that Eq. (7) has a double summation in terms of the atom i in the molecule A and the atom j in the molecule B, because of the atomic charge interactions. As mentioned in Sec. II A, the electronic coupling has a similar form to the intermolecular electrostatic energy. Taking into account this similarity, the electronic coupling given by Eq. (7) is expected to be modified by adding the higher order multipole interactions, such as Eq. (5). If the rank of the multipole is taken to be l = 0, 1, and 2, the electronic coupling is described as
where μ k,α and θ k,αβ denote an α component of a transition dipole for the atom k and an αβ component of a transition quadrupole for the atom k, respectively. These moments are defined by
where r k denotes a position vector of the atom k, and x k , y k , and z k express its components. The distance of r k is given by r k , so that r
where δ αβ represents Kronecker delta. Equation (8) is the TrESP-CDQ expression of the electronic coupling. Compared with the original TrESP method (Eq. (7)), the TrESP-CDQ method includes not only the charge-charge interaction but also the charge-dipole, charge-quadrupole, dipoledipole, dipole-quadrupole, and quadrupole-quadrupole interactions.
C. Determinations of the transition charges, dipoles, and quadrupoles
The electronic coupling calculation based on Eq. (8) requires the transition charges, dipoles, and quadrupoles for the kth atom in the molecule X. In this study, these values are determined from the ESP fitting procedure. 31, 32 Let us consider the following function for a least square fitting:
where v CL a and v QM a denote classically and quantummechanically calculated ESPs at point a, respectively. The numbers of the ESP points and of the atoms in the molecule X are expressed as m and n, respectively. Using Eqs. (10a) and (10b), the classical ESP v CL a is described as
(12) The first, second, and third terms in Eq. (12) correspond to the contributions from the transition charges, dipoles, and quadrupoles, respectively. In the original TrESP method, 16 only the first term is concerned for this potential. 27 In Eq. (11), the quantum-mechanical ESP v QM a corresponds to the reference value for the fitting. This potential is calculated with the transition density
where χ ν (r 1 ) denotes an atomic orbital (AO), and dr 1 χ μ * (r 1 )χ ν (r 1 )/|r a − r 1 | is a one-electron integral in the AO representation. In the second line of Eq. (13), the transition density is converted to the matrix form (P X p0 ) νμ , which is defined by
It is noted that the present approach employs the selfconsistent transition density matrix as (P X p0 ) νμ , although the original TrESP method uses the transition density matrix obtained from the isolated monomer calculation. The selfconsistent transition density matrix is obtained with a densityfragment interaction (DFI) method. 30 It is also noted that Eq. (13) is the ESP of the transition density. This potential is different from the ESP of the ground state density, which is used in the standard ESP fitting procedure. 31 In the case of p = 0, Eq. (13) corresponds to the ESP of the ground state density. In Eq. (11), q Tot denotes total transition-charge of the molecule X and λ is Lagrange multiplier for the constraint of the transition charges. The total transition-charge must be taken to be zero because of the orthogonality between the ground state and the pth excited state,
For p = 0, this value becomes the number of electrons for the molecule X, N X e . It is noted that the nuclear contributions to the ESPs and to the total transition-charge are not included in Eq. (11) also due to the orthogonality. This point is also different from the standard ESP fitting.
To find the minimum of Eq. (11), we next consider gradZ = 0, i.e.,
and the constraint imposed on the transition charges,
In Eq. (16a), l = 1, 2, · · · n, and the Greek letters (α and β) represent the components of Eqs. (9a) and (9b). Then Eqs. (16a) and (16b) yield a (13n + 1) × (13n + 1) system of equations, which is written as ⎛
This is the matrix equation, AM = B. The matrix A is composed of the submatrices A I , A II , A III , A IV , A V , A VI , 0, and I. The superscript T denotes a transpose. These submatrices are expressed as follows:
The submatrices A I , A II , A III , A IV , A V , and A VI are n × n, n × 3n, n × 9n, 3n × 3n, 3n × 9n, and 9n × 9n matrices, respectively. The submatrix 0 expresses the zero matrix, and I is given by
All of n elements in this submatrix are 1. The submatrices in B are given by
The submatrices B I , B II , and B III are n × 1, 3n × 1, and 9n × 1 matrices, respectively. As shown in Eq. (15), q Tot in the matrix B is set to be zero. The submatrices q, μ, and θ in the matrix M contain the transition charges, dipoles, and quadrupoles for the individual atoms, so that they have n, 3n, and 9n elements, respectively,
For the determinations of q, μ, and θ , Eq. (17) is solved with the inverse matrix of A. This procedure is performed with singular value decomposition (SVD). 32 Finally, the TrESP-CDQ calculation based on Eq. (8) is performed with the obtained values of q, μ, and θ .
III. COMPUTATIONAL DETAILS
In this study, a helium dimer, a methane dimer, and an ethylene dimer were selected as computational models. The atomic coordinates of these models were obtained from the geometry optimization using the coupled-cluster with single, double, and perturbative triple excitations (CCSD(T)) method. 41 For the methane dimer and the ethylene dimer, the structures in S22 database 40 were referenced. In the calculations of the helium dimer, Dunning's augmented correlation consistent basis set (aug-cc-pVQZ) 42 was used. In the calculations of the methane dimer and the ethylene dimer, Dunning's correlation consistent basis set (cc-pVTZ) 43 was used. These calculations were performed with the Gaussian03 program package. 44 The optimized structures of the methane dimer and the ethylene dimer are illustrated in Fig. 1 . The structures of the methane dimer and the ethylene dimer have D 3d and D 2d symmetry, respectively. The individual methane monomers have C 3v symmetry and the ethylene monomers have C 2v symmetry. The TrESP-CDQ and TDFI methods were applied to these computational models for calculating the electronic coupling energies.
In the excited state calculations, time-dependent density functional theory (TD-DFT) 45, 46 and the configuration interaction singles (CIS) 47 method were employed for obtaining the transition densities. In this process, the DFI method 30 was used to satisfy the self-consistency condition between interfragment interactions. The DFI calculations were iteratively performed until the change in the total energy was converged below a threshold of 1 × 10 −5 au. In the TD-DFT calculations, the revised Coulomb-attenuating method (rCAM) B3LYP functional 48 was used. The aug-cc-pVQZ basis set was used for the helium dimer and the cc-pVTZ basis set was used for the methane dimer and the ethylene dimer.
The TrESP-CDQ program for the electronic coupling calculations was implemented in Gaussian03. 44 All of the electronic coupling calculations were performed with Gaussian03, in which the same global Cartesian system was used. Therefore, the input coordinates for the molecular systems (also for the isolated monomers and the finite-separation dimers) were kept during the electronic coupling calculations including the ESP fitting.
IV. RESULTS
A. Accuracy of the TrESP-CDQ method
The accuracy of the TrESP-CDQ method was tested. In the first step, the helium dimer was used as the computational model. To estimate the error associated with the TrESP-CDQ method, the TDFI calculation was also performed, which was used as a reference value. In these calculations, the TDrCAM-B3LYP and CIS methods were employed to check the dependence on the electronic structure method. The electronic coupling between the fourth excited states for both helium atoms is concerned here because the combination of these states provided the largest value of the electronic coupling energy. The fourth excited state was the 1s → 2p transition with the excitation energy of 22.65 eV for TD-rCAM-B3LYP and of 24.86 eV for CIS, and the oscillator strength was to be 0.272 au for TD-rCAM-B3LYP and 0.289 au for CIS. The orientation of this excited state (2p orbital) was parallel to the axis of the He-He separation. The calculated results are summarized in Table I . The electronic coupling energies obtained with the TrESP-CDQ method were to be 1179.6 cm −1 for TDrCAM-B3LYP and 1143.7 cm −1 for CIS, while the TDFI values were to be 1105.7 cm −1 and 1088.6 cm −1 for TD-rCAM-B3LYP and CIS, respectively. These results showed that the TrESP-CDQ calculations with TD-rCAM-B3LYP and CIS successfully reproduced the reference values with the deviations of 73.9 cm −1 and 53.3 cm −1 , respectively. Hence, the dependence on the electronic structure method was found to be small from these calculations (37.7 cm −1 for TrESP-CDQ and 17.1 cm −1 for TDFI). To evaluate the effects of the transition dipoles and quadrupoles, the TrESP calculations with the transition charges and dipoles (TrESP-CD) were also performed. As listed in Table I for TD-rCAM-B3LYP and CIS, respectively. In the case of only one atom, the first nonzero order in the spherical harmonic expansion in a transition density becomes a dipole. Therefore, the transition dipole interaction mainly contributed to the electronic coupling energy for this system.
Next, the TrESP-CDQ method was applied to the methane dimer. These calculations were performed with TDrCAM-B3LYP. The first three excited states for the methane monomer were concerned here, and the electronic coupling energies between the same excited states for both methane molecules were calculated. The first excited state showed the excitation energy of 11.21 eV with the oscillator strength of 0.l66 au, and it had the symmetry of the A 1 irreducible representation. The rest two excited states were degenerate, which showed the excitation energy of 11.27 eV with the oscillator strength of 0.186 au. Both the excited states had the symmetry of the E irreducible representation. These three excited states were characterized as the σ -σ * excitations. The orientation of the first excited state (HOMO → LUMO transition) was parallel to the axis of the C-C separation, while the doubly degenerate excited states (HOMO-1 → LUMO transition and HOMO-2 → LUMO transition) were oriented perpendicularly to the axis of the C-C separation. The calculated electronic coupling energies are summarized in and 56.2 cm −1 for TrESP-C. From these results, the TrESP-CDQ and TrESP-CD methods were found to give a quantitative description of the electronic coupling energy. Although the TrESP-C method was not applicable to the helium dimer, it worked well for the methane dimer. Similar calculations were performed to the ethylene dimer. These calculations were also performed with TD-rCAM-B3LYP. The electronic coupling between the first and second excited state transition densities was concerned for these calculations. Figure 1(e) shows the definition of Cartesian coordinates used for the assignment of the symmetry labels for the ethylene monomer. The principal axis (C 2 rotational axis) is set to the z-axis. The first excited state (HOMO → LUMO transition) was characterized as the π -π * excitation, which had the symmetry of the B 2 irreducible representation. On the other hand, the second excited state (HOMO-1 → LUMO transition) was to be the σ -π * excitation and it had the symmetry of the B 1 irreducible representation. The first and second excited states showed the excitation energies of 7.80 eV and 8.18 eV, respectively. The oscillator strength was to be 0.361 au and 0.001 au for the first and second excited states, respectively. The ethylene dimer shown in Fig. 1(b) has the center-to-center distance of 3.72 Å. The torsion angle between the molecular planes of the two etylenes is 90.0
• . The calculated electronic coupling energies are also summarized in Table II . As found here, the TrESP-CDQ method (251.5 cm −1 ) successfully reproduced the Fig. 1(c) . This geometry was obtained by rotating the ethylene B by 45.0
• along the axis of the center-to-center distance. The combination of the first and second excited states was considered for the electronic coupling calculations. The first excited state showed the excitation energy of 7.81 eV with the oscillator strength of 0.361 au. The second excited state showed the excitation energy of 8.17 eV with the oscillator strength of 0.001 au. The characters of the individual excited states were the same as those of the optimized geometry. The calculated electronic coupling energies are also listed in Table II . The TrESP-CDQ method (139.6 cm −1 ) successfully reproduced the reference value (136.1 cm −1 ) with the deviation of 3.5 cm −1 . The TrESP-CD method (167.2 cm −1 ) also reproduced the reference value with the deviation of 31.1 cm −1 . The TrESP-C method gave the electronic coupling energy of 12.5 cm −1 , which completely failed in describing the reference value. These results clearly showed that the TrESP-CDQ and TrESP-CD methods gave a much improved description of the electronic coupling energy, compared with the TrESP-C method.
As mentioned in Sec. II C, the self-consistent transition density was employed in the present ESP fitting. To examine this effect, the electronic coupling calculations were performed with transition densities obtained from the isolated monomer calculations. It is noted that the effect of the interfragment interactions is not included in these monomer calculations. This electronic coupling calculation is abbreviated as TrESP0-CDQ. The calculated values are also listed in Table II . In the case of the methane dimer, the electronic coupling energies for TrESP0-CDQ were to be 332.1 cm . These results revealed that the self-consistent transition densities obtained with the DFI method played a significant role in the accurate description of the electronic coupling.
As mentioned in Sec. II A, the overlap between the basis functions is assumed to be small in the present study. To examine this assumption, the overlap between | 1 and | 2 (i.e., 1 | 2 ) was also calculated. As a result, the values of for the methane dimer and the ethylene dimer, respectively. These small overlaps indicated that the present assumption was valid for these systems. To gain further insight into the accuracy of the TrESP-CDQ method, the dependence on the intermolecular separation was investigated. Figure 2 shows the evolutions of the electronic coupling energies as a function of the intermolecular distance of the ethylene dimer. The definition of the x-axis coordinate is shown in Fig. 1(d) . The optimized structure corresponds to the intermolecular distance of 3.72 Å. The TrESP-CDQ method gave the electronic coupling energy of 519.5 cm −1 at 3.00 Å. This energy gradually became small with the increase in the intermolecular distance. Consequently, the electronic coupling energies obtained with TrESP-CDQ became almost the same as the reference values. The deviations from the reference values were to be ∼9.0 cm −1 . Figure 2 also shows the electronic coupling energies obtained with the TrESP-CD and TrESP-C methods. As found here, the TrESP-CD values were larger than the reference values. At 3.00 Å, the TrESP-CD value was to be 675.7 cm −1 , which gave an overestimation of 165.2 cm
from the reference value. However, the energy curve of TrESP-CD showed a similar shape to the reference values. It gradually became small with the increase in the intermolecular distance. On the other hand, the TrESP-C values were to be almost zero (∼0.05 cm −1 ) in all the regions calculated. From these results, it was confirmed that the TrESP-CDQ method could quantitatively describe the reference values without respect to the intermolecular separation. These calculations also revealed that the TrESP-C method could not describe the electronic coupling for this system. The overlap 1 | 2 was also evaluated. As a result, the values of 1 | 2 were calculated to be 1.07 × 10 −4 (3.00 Å) ∼ 2.99 × 10 −7 (4.40 Å). Although the overlap became large with the decrease in the intermolecular distance, the magnitudes were not large. In the case of large overlap, the indirect coupling is known to give a significant contribution to the amount of electronic coupling. 35, 36 However, the present study does not focus on this effect because the TrESP-CDQ method cannot describe the indirect coupling.
B. Analysis of the electronic coupling energy
Based on the successful descriptions of the reference values, the contributions to the electronic coupling energies were analyzed. Table III summarizes the transition charges, dipoles, and quadrupoles for the individual atoms of the optimized ethylene dimer. The labels of the atoms are shown in Fig. 1(d) . The magnitudes of the transition dipoles and quadrupoles were given by |μ k | = α μ 2 k,α and |θ k | = α,β θ 2 k,αβ , respectively. As mentioned in Sec. II C, the values of the transition charges, dipoles, and quadrupoles were determined so as to reproduce the quantum-mechanical ESP. Therefore, the constraints to the transition dipoles and quadrupoles were not considered in the present method. The labels of the atoms are shown in Fig. 1(d) . Although the electronic coupling energies were successfully described with the present method, the lack of the constraints may include some symmetry breaking. As found from Table III , the magnitudes of the transition charges of the ethylene B were to be quite small, compared with those of the ethylene A. While the ethylene A had the transition charges of 2.166 au for the C1 atom and −2.269 au for the C2 atom, the transition charges for the atoms C1 and C2 of the ethylene B were to be 0.027 au and −0.005 au, respectively. These results indicated a negligible contribution of the transition charge interactions to the electronic coupling. Table III also lists the transition charges used in the TrESP-C method. These values were determined from the ESP fitting only for the transition charges. In this case, the transition charges of the ethylene B became almost zero (−0.004 to 0.004 au). As mentioned in Sec. IV A, the electronic coupling obtained with the TrESP-C method became almost zero. It was caused by almost zero values of the transition charges for the ethylene B.
On the other hand, the magnitudes of the transition dipoles and quadrupoles for the ethylene B were to be 0.136-0.479 au and 0.213-2.211 au, respectively. For the atoms C1 and C2 , the transition dipoles were to be 0.479 au and 0.362 au, and the transition quadurupoles were to be 1.551 au and 2.211 au. These transition dipoles had more than half of the values for the ethylene A (0.718 au for C1 and 0.670 au for C2). From these results, the transition dipoles and quadrupoles for the ethylene B were found to be large, compared with the transition charges. Owing to these transition dipoles and quadrupoles, the TrESP-CDQ method could quantitatively describe the electronic coupling energy. The magnitudes of the transition charges, dipoles, and quadrupoles are strongly related to the characters of the excited states. As mentioned in Sec. IV A, the first and second excited states of the ethylene monomer had the oscillator strength of 0.361 au and 0.001 au, respectively. This means an allowed transition for the first excited state and almost a forbidden transition for the second excited state. These characters are understood from the transition densities. Figure 3(a) illustrates the transition densities of the optimized ethylene dimer. The positive and negative phases of the transition densities are represented by red and blue colors, respectively. Since the first (B 2 symmetry) and second (B 1 symmetry) excited states were considered in the present system, the transition densities of the individual ethylenes formed different shapes. For example, the transition density of the ethylene A (the first excited state) was to be anti-symmetric between the atoms C1 and C2, while that of the ethylene B (the second excited state) was to be symmetric between the atoms C1 and C2 . Alternatively, the transition density of the ethylene A was to be symmetric to the mirror plane corresponding to the molecular plane for the ethylene A, while that of the ethylene B was to be anti-symmetric to the corresponding mirror plane. Although each ethylene molecule in this system has the C 2v symmetry, this molecular structure is similar to the D 2h symmetry. In the case of the D 2h symmetry, the similar characters to the first and second excited states were obtained from the B 1u and B 1g states, respectively. These symmetry labels were assigned from Cartesian coordinates illustrated in Fig. 1(f) where the principal axis is set to the z-axis. According to the selection rule, the B 1u and B 1g states correspond to the allowed and forbidden transitions, respectively. Therefore, these transition densities made a significant difference in the molecular transition dipole moment. Figure 3(b) shows the molecular transition dipoles for the two ethylenes. Each dipole is represented by a point vector located on the molecular center defined by the center of mass. The dipoledipole orientation factor was to be 1.00. The molecular transition dipole of the ethylene B became quite small (0.048 au), compared with that of the ethylene A (1.375 au). In this way, the forbidden transition density cannot be represented by the molecular transition dipole. Similarly, the transition charges cannot represent the distribution of the forbidden transition density, so that the magnitudes of the transition charges for the ethylene B became quite small. In other words, the TrESP-C method gives small transition charges for the forbidden transition. On the other hand, the magnitudes of the atomic transition dipoles for the ethylene B were to be 0.136-0.479 au, which were much larger than the molecular transition dipole for the ethylene B (0.048 au). The atomic transition dipoles for the ethylene dimer were also illustrated in Fig. 3(c) . As found here, the individual directions of the atomic transition dipoles provided detailed information on the transition density distributions. In this way, the atomic transition dipoles can represent the distribution of the transition density without respect to the character of the excited state, which can give a contribution to the electronic coupling energy.
V. CONCLUSIONS
In this paper, the TrESP-CDQ approach for the electronic coupling calculations was proposed. The TrESP method is based on the classical description of the electronic Coulomb coupling between interacting molecules. Although only the transition charge interactions were considered in the original TrESP method, the present approach included the contributions from the transition dipoles and quadrupoles as well as the transition charges. Hence, the self-consistent transition density was employed in the ESP fitting procedure. The TrESP-CDQ method was applied to the helium dimer, the methane dimer, and the ethylene dimer. As a result, it succeeded in quantitatively estimating the reference values obtained with the TDFI method. These calculations also showed that the TrESP-CDQ method gave a much improved description of the electronic coupling, compared with the TrESP-C method.
In this study, the effect of the self-consistent transition densities was examined. For this purpose, the electronic coupling calculations were performed with the transition densities that were obtained from the isolated monomer calculations (TrESP0-CDQ). The calculated electronic coupling energies considerably overestimated the values with the self-consistent transition densities. In the TrESP-CDQ method, the self-consistency condition between the interacting molecules was satisfied by the DFI method. Therefore, the DFI method was found to play a significant role in the accuracy of the electronic coupling calculations.
The analysis of the electronic coupling energy was also performed. The TrESP-C method could not describe the electronic coupling energy of the ethylene dimer, which was caused by the almost zero values of the transition charges for the ethylene B. On the other hand, the transition dipoles and quadrupoles for the ethylene B showed much larger values than the transition charges. Owing to these values, the TrESP-CDQ method successfully described the electronic coupling energy. The present analysis also clarified that the transition density distribution strongly influenced the magnitudes of the transition charges, dipoles, and quadrupoles.
The TrESP-CDQ method can give quantitative descriptions of the electronic Coulomb coupling. This accuracy is almost the same as the TDFI method. In addition, TrESP-CDQ can reduce the computational cost compared with TDFI, so that it is expected to be applied to large molecules. The TrESP-CDQ calculation can be combined with other electronic structure methods, even though only the TDrCAM-B3LYP and CIS methods were adopted in the present study. Hence, the present approach allows us to estimate the contributions to the electronic coupling in terms of the transition charges, dipoles, and quadrupoles. Such estimations cannot be performed with the TDFI method. These advantages of TrESP-CDQ are expected to be useful for analyzing and understanding the mechanism of EET.
